We have used functional complementation of Escherichis coli pur mutants to clone avian cDNA encoding 5-aminoimidazole ribonucleotide (AIR) carboxylase-5-aminoimidazole-4-N-succinocarboxamide ribonucleotide (SAICAR) synthetase, the bifunctional enzyme catalyzing steps 6 and 7 in the pathway for de novo purine nucleotide synthesis. Mutational analyses have been used to establish the structure-function relationship: NH_-SAICAR synthetase-AIR carboxylase-
Within the past several years many of the genes for de novo purine nucleotide synthesis have been cloned from bacteria (1) (2) (3) (4) (5) . This work has provided insights into regulation of de novo purine nucleotide synthesis in Escherichia coli (6) and Bacillus subtilis (7) as well as providing improved sources for enzyme isolation. Corresponding studies with higher eukaryotes have lagged, although the Drosophila melanogaster Gart locus was cloned by complementation ofa yeast mutation (8) . Given the importance of purine nucleotides for RNA and DNA synthesis and energy metabolism plus the demonstration that defects in purine salvage lead to human disease (9) , we have searched for methods to isolate cDNAs for de novo purine nucleotide synthesis from animals. Avian cDNA libraries would appear to be advantageous owing to the fact that birds use the de novo pathway for both biosynthesis and for excretion of nitrogen as uric acid.
We have found recently (unpublished data) that screening of an avian cDNA library by functional complementation of E. coli pur mutants affords one method to obtain several cDNAs for de novo purine nucleotide synthesis. Using this approach, we have isolated cDNAs that encode seven of the nine enzymes for synthesis of IMP (Fig. 1) . These enzymes include the trifunctional glycinamide ribonucleotide (GAR) synthetase-AIR synthetase-GAR transformylase (corresponding to E. coli purDMN; J. Aimi, J. Williams, J.E.D., and H.Z., unpublished data), adenylosuccinate lyase (E. coli purB) (26) , and AICAR transformylase-IMP cyclohydrolase (E. coli purH; L. Ni, J.E.D., and H.Z., unpublished data). Here we report the cloning of chicken liver AIR carboxylase-P-Rib-PP SAICAR synthetase by functional complementation of E. colipur mutants and a structure-function characterization for this bifunctional enzyme. We show that the chicken liver cDNA encodes a 426-amino acid enzyme that is similar to a bacterial PurC-PurE fusion protein in which the SAICAR synthetase domain (PurC) corresponds to amino acids 1 to -258, and residues 260-426 encode a PurE-like AIR carboxylase function. Surprisingly, the avian enzyme lacks completely a PurK-like AIR carboxylase domain or subunit. Thus, the chicken AIR carboxylase is fundamentally different from the bacterial purEK-encoded heterodimer, and the role of the bacterial purK-encoded subunit is called into question.
MATERIALS AND METHODS
Bacteria, Plasmids, and Growth Conditions. E. coli strains TX209 (Alac purK), NK6051 (A[gpt-lac]S purE79::TnJO relAl spoTI thi-J), and NK6056 (A[gpt-lac]S purC::TnJO relAl spoTl thi-J) were used to screen a chicken liver cDNA library. Bacteria were grown in minimal medium (1) containing 0.1% acid-hydrolyzed casein and 0.2 ,ug ofthiamin per ml. Adenine (50 ,ug/ml) was added as a purine supplement as required. In vivo excision and recircularization of recombinant pBluescript plasmids from a AZAP chicken liver cDNA Abbreviations: GAR, glycinamide ribonucleotide; AIR, 5-aminoimidazole ribonucleotide; SAICAR, 5-aminoimidazole-4-N-succinocarboxamide ribonucleotide.
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Proc. Natl. Acad. Sci. USA 87 (1990) library (Stratagene) was carried out as described (10) . Strains harboring pBluescript plasmids were grown in medium containing 100 Aug of ampicillin per ml. Plasmid pT7-7 was used to determine the molecular mass of the cDNA-encoded enzyme in E. coli (11) .
RNA Methods. RNA was extracted (12) from frozen chicken liver and subjected to one cycle of oligo(dT)-cellulose chromatography (13) . For RNA blot-hybridization (Northern) analysis, RNA was fractionated by electrophoresis on a 1.0% agarose gel containing formaldehyde (14) , transferred to nitrocellulose, and probed with 32P-labeled single-stranded DNA. Primer extension mapping (14) with three oligonucleotides that hybridized to mRNA nucleotides 72-90 (probe 1), 145-173 (probe 2), and 269-298 (probe 3) numbered as in Fig. 3 Fig. 2A ). This suggested that the 2.3-kb insert, although capable of complementing pur mutants, was most likely not a full-length clone. The 5' end of the poly(A)+ RNA was mapped by primer extension with reverse transcriptase and three oligonucleotides designated probes 1-3. Primer extension mapping with probe 2 gave a cDNA of 173 nucleotides (Fig. 2B) . Probes 1 and 3 gave cDNAs of =90 and z298 nucleotides, respectively (not shown). The three primer extension reactions define a single 5' end 69 bp upstream of the first nucleotide in the pZD1 insert.
To clone the 5' end of mRNA, the cDNA resulting from the primer extension with probe 2 was amplified by the PCR and cloned into pUC118 as described. The inserts from four transformants contained an identical 166-bp 5' segment of purCKE cDNA flanked by the Xho I adaptor-oligo(dT) primer at the 5' end and EcoRI adaptor at the 3' end. This After electrophoresis a nitrocellulose membrane containing 5 ,g of poly(A)+ RNA was hybridized and washed as described (20) . Ex sequence completes the AIR carboxylase-SAICAR synthetase coding region.
Nucleotide Sequence of cDNA. The nucleotide sequence of the 2.3-kb insert from pZD1 was obtained from a set of overlapping deletions. The insert in pZD1 corresponds to nucleotides 71-2392, and the PCR-amplified product corresponds to nucleotides 1-166. The nucleotide sequence of a 2392-bp cDNA and derived amino acid sequence are shown in Fig. 3 . Translation was deduced to initiate at the first AUG at positions 59-61. There is a single open reading frame that is terminated after Leu426 by a UAA codon. The UAA codon is followed by a 1053-bp 3' untranslated region. Since the cDNA insert in pZD1 did not contain a 3' poly(A)+ tail, the sequence is truncated at the 3' end. However, based on the size of poly(A)+ RNA and a potential 3' polyadenylylation signal at nucleotides 2341-2347, the nucleotide sequence shown in Fig. 3 should be nearly full-length. From the functional complementation of E. coli purC and purEK mutants and sequence homology with microbial genes encoding AIR carboxylase and SAICAR synthetase, discussed below, we conclude that the derived amino acid sequence shown in Fig. 3 Fig. 3 . Complementation ofE. coli pur mutants is shown at the right. The intact cDNA complemented purC, purE, and purK strains.
extends to nucleotide 758 and removes all amino acids distal to Arg-233. Thus, the overall organization is NH-SAICAR synthetase-AIR carboxylase-COOH, with AIR carboxylase function extending beyond Asp-234.
To further define the SAICAR synthetase and AIR carboxylase boundaries, a series ofamino acid replacements and small deletions were constructed by oligonucleotide-directed mutagenesis. Mutations were constructed at positions that are conserved in the microbial sequences and near the synthetase-carboxylase boundary (see Fig. 5 ). The function of mutated enzymes expressed from multicopy plasmids was assessed by measurement of growth rates in E. coli pur mutants. In this assay, stimulation of the growth rate by adenine indicates that the function of the chicken enzyme is limiting for purine nucleotide synthesis. The analysis ofthese mutations is given in Table 1 . Basal level function for the unmutagenized plasmid is shown in the first line. With non-mutagenized cDNA, excess SAICAR was synthesized and complemented the purC mutant, but synthesis of 5-amino-4-imidazolecarboxylate ribonucleotide (AICR in Fig.  1 ) was limiting, and the growth rates of purE and purK mutants were stimulated by adenine. Two deletion mutations, A(Gly17, Lys18) and A(Glu255, Arg256, Val257, Glu258) specifically abolished complementation of purC (SAICAR synthetase), whereas the double-replacement mutation Ser-302 --Ala, His-304 -* Tyr and the double-deletion mutation A(Ala330, Gly331) abolished complementation of purEK (AIR carboxylase). These results are consistent with the deletion analysis and indicate that the SAICAR domain extends from the NH2 terminus to at least Glu-255 and that amino acids between Ser-302 and the COOH terminus are needed for AIR carboxylase activity. In neither of the AIR carboxylase mutations shown in Table 1 nor in the 3' deletions were purE and purK functions differentially inactivated. The basis for (21) were aligned by using FASTA (22) . The nearly full-length cDNA of 2392 bp encodes a bifunctional AIR carboxylase-SAICAR synthetase ofcalculated Mr 47,245, which is less than the value of 52,000 reported for the enzyme purified from chicken liver (25) . A deletion analysis shown in Fig. 4 shows that sequence downstream of an Nde I site at position 1391 is not required for enzyme function in E. coli and supports the position of translation termination following .
The assignment of structural domains in chicken AIR carboxylase-SAICAR synthetase has been made by mutational analyses and sequence alignments with bacterial and yeast genes. The results indicate an organization of SAICAR synthetase at the NH2 terminus followed by AIR carboxylase. The amino acid sequence alignment in Fig. 5 shows correspondence ofresidues 1-259 ofthe chicken enzyme with amino acids throughout the entire length of the SAICAR synthetase from E. coli and B. subtilis. In this alignment there are 31% amino acid identities of the chicken sequence with the 237-residue purC-encoded SAICAR synthetase from E. coli. Statistical analysis by the FASTA program (22) gives a significance score of 32 SD above the mean of randomized sequences, a highly significant value for this alignment. Amino acids 255-258 in the chicken enzyme are required for SAICAR synthetase activity (Table 1) and should correspond to the COOH-terminal segment of this domain. According to the alignment in Fig. 5 
